Abstract
INTRODUCTION
The impact of an exotic species on native ecosystems or human activities is not only a function of its local abundance but also the spatial extent of its range. The eventual distribution of an invading species can, at times, be predicted on the basis of its ecological requirements. However, a focus on the 'inevitable' or 'eventual' outcome of an invasion (i.e. the maximal geographic range of an invader) misses a rich area of investigation, namely the temporal and spatial patterns of geographic spread on a more local or regional basis and the underlying mechanistic bases of dispersal and population establishment. Typically, an invasion begins with the establishment of a founding population after which the invader's geographic range is expanded by local and regional dispersal and the subsequent colonization of uninhabited areas. The geographic trajectory of both the initial and subsequent stages of an invasion are influenced by a combination of the ecological conditions required by the invader and the dynamics of its dispersal (Carey, this issue) . In many ways, these issues of invading species are similar to those considered by epidemiologists studying the spread of disease (Mollison et al., 1994) .
A better understanding of the process of invasion offers many potential benefits. First, we will be better able to predict the rates and directions of spread. Second, such knowledge is critical for the selection and evaluation of interventions aimed to slow or stem the spread of invading species. Finally, exotic species can act as 'biological tracers' from which we can extract valuable information on the dispersal of established species or future invaders. Although introduced species generally have characteristics that enhance dispersal and colonization, knowledge of dynamics of their geographic spread can at least identify the pathways and vectors of dispersal of similar species if not the quantitative rates of spread.
Of the large number of exotic species that have invaded natural habitats around the world, the dynamics of invasion have rarely been examined, and instead attention has usually focused on the local ecological impacts (but see Johnstone et al., 1985; Carey, this issue) . In most cases, only the large-scale range expansion of the species has been determined (Andow et al., 1990; Hengeveld, 1992; Rowell et aL, 1992; Liebhold et aL, 1992;  and several examples in Grosholz & Ruiz, this issue) . In spite of the potential gains to our understanding of the invasion process, the spatial and temporal dynamics of particular invasions have, in the past, been difficult or nearly impossible to predict (Hengeveld, 1989 : Lawton, 1993 Mollison et aL, 1994) . Predictions are particularly hindered by a lack of knowledge of the rates of local population growth and an ignorance of the vectors and dynamics of dispersal. In some cases, after the initial stages of range expansion, estimates of the rates and directions of spread can be made and possible vectors of dispersal identified. Unfortunately, these predictions are usually made with unreliable data collected from incidental discoveries or biased sampling (Hengeveld, 1989) . This level of resolution may be adequate for examining large-scale (e.g. continental) range expansion but is inadequate for a more detailed determination of the pattern and pace of geographic spread.
The recent invasion of North America fresh waters by the Eurasian zebra mussel Dreissena polymorpha offers a rare opportunity for examining the dynamics of geographic spread. The invasion has been widely publicized for both the incredible speed of range expansion and the large economic and ecological effects (see various chapters in Nalepa & Schloesser, 1993) , and substantial funding has been provided for both research and education. The eventual distribution of zebra mussels within North America is, of course, an important concern, and several models have been developed to predict the potential geographic range of the zebra mussel based on broad climatological tolerance (Strayer, 1991) , tolerance to low pH (Neary & Leach, 1992) , and the physicochemical properties of lakes where zebra mussels are known to have invaded in Europe (Ramcharan et al., 1992) . In this paper, we examine the dynamics of the zebra mussel invasion and its potential for producing information on the underlying mechanisms governing the geographic spread of this exotic species. In particular, we contrast dispersal within and between bodies of water to discern the relative importance of the many potential vectors involved. We also discuss possible approaches to studying the local and regional spread of introduced species. Finally, we emphasize the need for understanding the initial demographic conditions necessary for establishing new populations in the hopes that the necessary experimental approaches might be condoned and adopted as recommended by Levinton (1994) .
BACKGROUND
The discovery of zebra mussels in North America occurred in 1988 in Lake St Clair near Detroit, Michigan (Hebert et aL, 1989) . Based on the population sizefrequency distribution, it was estimated that the initial introduction took place in 1986. The mussels were most likely introduced as larval stages in ballast water discharged from an international freighter originating from an unknown Eurasian freshwater port (Hebert et aL, 1989; Carlton, 1993) . Since their initial establishment, the mussels have spread rapidly to the waters of 18 states in the USA and two provinces in Canada, and have caused major economic problems and environmental perturbations in areas where populations have reached high levels, primarily in the Great Lakes (see Nalepa & Schloesser, 1993 for examples) . The impact of the mussel has been caused by two features that make it unique among the North American freshwater fauna. First, it is a biofouling organism capable of attaching to solid or stable surfaces in very high densities. This can hinder the performance of equipment exposed directly to lake or river water, e.g. intake pipes, cooling systems, boat hulls (Ludyanskiy et al., 1993) , and smother some aquatic organisms, e.g. unionid clams (Tucker et aL, 1993) . Second, it is an abundant benthic filter feeder and is capable of removing planktonic organisms and particulates from the water column. Its ability actively to pump water makes it an especially effective filter feeder in the calmer conditions of lake environments. Mussels remove particles from water that they filter, some portion of which they consume. The remainder is bound in mucus as pseudofeces which are expelled and deposited on the benthos. The great filtering capacity (Sprung & Rose, 1988) , of large populations of zebra mussels thus gives the potential to affect planktonic communities (Padilla et aL, 1996a) . Initial studies have documented marked increases in water clarity and decreases in phytoplankton (e.g. Reeders et al., 1989; Reeders & Bij De Vaate, 1990; Leach, 1993 ; but see Wu & Culver, 1992) as the mussel alters the paths of energy flow through the aquatic food web. Concomitant changes in zooplankton abundance and pelagic fish species may result as the planktonic resource base is diminished (but see Padilla et aL, 1996a) . The combination of the dramatic economic impacts and the rapid population growth and spread of the zebra mussel has led to federal legislative action to control 'aquatic non-indigenous nuisance species' and prevent their establishment and spread. Specifically, an act of Congress has produced dedicated funds for zebra mussel research and directed several federal agencies to develop research and policy programs on non-indigenous aquatic species.
DISPERSAL
The rapid spread of the zebra mussel across eastern North America has been due largely to its phenomenal rate of population growth and the presence of effective vectors of dispersal. Carlton (1993) has detailed the possible dispersal vectors available to zebra mussels and has identified several important distinctions among vectors: (i) ability to transport mussels upstream, downstream, or overland, (2) natural or human-mediated, and (3) the potential to disperse various life history stages (i.e. larval stages vs adults). The life cycle of this mussel is unlike other freshwater bivalves and instead parallels the marine mussels. Sexes are separate and the sedentary adults release gametes directly into the water. After fertilization, the resulting larva (termed a 'veliger' once the larval shell is developed) is an obligatory planktotrophic stage which must remain for approximately 2-4 weeks in the plankton while feeding and growing. Although larvae are capable of limited locomotion, dispersal during the planktonic period primarily depends on currents and other hydrographic movements. Juveniles and adults are capable of some movement by unattaching and reattaching byssal threads, effecting a slow crawl. Unattached mussels or mussels attached to drifting substrata (e.g. wood, dislodged macrophytes) will be subject to downstream advective movement. Thus natural mechanisms of dispersal are capable of spreading zebra mussels rapidly to areas downstream or within a lake. Indeed, the unidirectional nature of large freshwater systems probably limits natural populations of zebra mussels to lake environments and the portions of rivers and streams downstream of established lake populations.
The natural spread to areas upstream and the maintenance of populations in fast moving lotic systems are more problematic. The larvae of zebra mussels do not possess the adaptations of the larvae some other freshwater bivalves (e.g. unionids Corbicula) use to attach to larger organisms that might swim or fly upstream. Unintentional attachment or entanglement of zebra mussels on more mobile animals can occur, e.g. ducks (Johnson & Carlton 1996) , but this passive mechanism of transport is unlikely to lead to rapid or consistent dispersal. Moreover, mortality rates are likely to be high during transit because neither the larval or adult stages of the zebra mussel have physiological adaptations (e.g. resting stages) for persisting for extended periods out of water.
Potential human-mediated dispersal mechanisms are almost limitless (Carlton, 1993) . Essentially, any activities that can move water (which can contain veligers) or submerged objects (which can have adult or juvenile mussels attached) within or between bodies of water has the potential to accelerate the spread of this species, especially upstream or overland. It is also worth noting that humans have created many connections between otherwise isolated water bodies and watersheds and have increased the number of connections and amount of water exchange in others. Thus, many of the present-day connections among water bodies in the Great Lakes region are human-created canals (e.g. the Erie Canal). Dispersal through such waterways may occur 'naturally' in the sense that no active human participation is necessary, but such dispersal must be considered human-mediated in the sense that it could not have occurred without human interventions at some point in time. This type of human activity will greatly aid the natural ability of aquatic species to spread.
The importance of any particular vector will depend on the life cycle stage that is transported, number of surviving mussels transported per dispersal event, the frequency of such events, and the spatial patterns of vector movement. The key to our predictive abilities will lie in knowing the relative importance of both human-caused and natural vectors of dispersal.
The importance of scale The time scale of spread, the types of dispersal vectors, and the appropriate types of models will differ depending on the geographic scale of concern (i.e. local spread within connected water bodies, regional and direct pathways of spread among watersheds, or the ultimate timing and extent on a continental area; Table 1 ). For example, local spread will be a function of both larval and adult transport, natural and human vectors (although human vectors alone will be responsible for upstream or counter current movement). Thus the rates of local population increases and population size will have a large impact on spread, and diffusion-reaction and or telegraph type models would be important (Kareiva & Odell, 1987; Holmes, 1993) . At a continental scale, human-aided dispersal would greatly expedite spread, and the level of resolution of spatial extent that is necessary is coarse (e.g. 10s or 100s of km year ~). Diffusion models, Advection-Diffusion models, or Interacting Particle models may be adequate for describing the broad patterns of the moving fronts of invasion (Okubo, 1980; Lubina & Levin, 1988; Levin et al., 1993; Grosholz & Ruiz, this issue; Hastings, this issue) . However, at the regional scale, the scale at which slowing or preventing local invasion is possible, we have the least amount of experience, models, and predictive power. Here, knowing: (1) the most likely dispersal vectors, their direction and rate of movement of propagules, and (2) the overlap between dispersal and acceptable habitat patches (i.e. water bodies with physicochemical conditions necessary for zebra mussels reproduction and population growth; Ramcharan et al., 1992 , Koutnik & Padilla, 1994 ) is critical. The intersection of these two will tell us the most likely paths of invasion.
With such knowledge the rate and direction of spread can be estimated, the bodies of water that are most at-risk can be identified, and the pathways of expansion disrupted if deemed feasible, necessary, or costeffective. Unfortunately, there have been no previous 
Identification of dispersal vectors
There are four ways in which dispersal mechanisms can be verified and possibly quantified.
Direct observations
When the presence of the target organism can be detected on or associated with the dispersal vector as it moves from one place to another, direct observations can provide valuable information on the potential of the vector to expand the range of the invading species. If the frequency of vector movement, the number of individuals transported, and their survival during transit can all be documented, absolute estimates of dispersal rates, potential pathways, and geographic scales can be made and compared among the various dispersal mechanisms. In practice, the opportunities to determine all these aspects of dispersal are rare (but see Johnstone et a/., 1985) . However, the documentation of the ability of a potential vector actually to transport the target organism and estimations of the numbers transported per dispersal event are important first steps in comparing the relative importance of a suspected subset of dispersal vectors (Johnson & Carlton, 1996) .
Correlates of invaded waters
This indirect, observational approach compares the characteristics of invaded and uninvaded waters to discern features that would be correlated with particular vectors and the ability of taxa to invade suitable habitats (Johnstone et al., 1985; Ramcharan et al., 1992; Koutnik & Padilla, 1994) . For example, the initial spread of zebra mussels to major ports in the Great Lakes suggests that shipping or boating were the primary vectors of spread. Unfortunately, the strength of any such conclusion is compromised by a lack of standardized sampling, and alternative explanations could include a lack of sampling in areas outside of ports or differences in ecological conditions between areas inside and outside of ports. It is often difficult to determine whether the absence of a species from a location is due to true absence or to a lack of detection. If it is truly absent, we can distinguish between unsuitable habitat (where, if introduced, a species could not live or reproduce) and suitable habitat (able to establish a viable population) to determine the potential for invasion. And, as always, it must be kept in mind that correlation is not always the same as causation.
Predictions of range expansion
Patterns of range expansion can be compared to those predicted by the patterns of vector movements (Padilla et al., 1996b) . Measurements of vector movements can even be made after the spread has occurred if movement patterns are assumed not to have changed. If the predicted pattern of invasion matches that of the actual invasion, then there is strong evidence that the vector of interest has the dominant effect on dispersal.
Experiments
By manipulating the vector (e.g. the agent or its pathway is removed), experimental areas can be compared with appropriate control areas. Obviously, this is the most difficult approach, but it would provide the most convincing evidence.
The use of any of these approaches for a large variety of dispersal mechanisms would probably be impossible, but a combination of approaches directed at subsets of likely dispersal mechanisms may be effective in discerning the relative importance of several vectors.
Dispersal within a body of water vs dispersal between bodies of water
An important, yet often overlooked, dichotomy in the process of range expansion of freshwater organisms is the distinction between dispersal within a body of water or connected bodies of water and dispersal between hydrographically isolated bodies of water. As described above, the life cycle of the zebra mussel places unusual constraints on its natural ability to disperse upstream and overland. Some introduced marine species do have a life cycle similar to that of the zebra mussel, but the more well-connected nature of marine environments permits more rapid dissemination of propagules to suitable habitats. In contrast, overland dispersal between unconnected bodies of fresh water is a particularly difficult challenge for the zebra mussel. Lakes and rivers are effectively discrete habitat patches which, in some senses, are analogous to anthropogenically fragmented habitats of terrestrial environments (e.g. forests). However, habitat fragmentation in terrestrial environments is less likely to affect survival during dispersal than it will affect the post-dispersal stages of establishment such as habitat choice, reproduction, or survival. For zebra mussels and many other aquatic organisms, the terrestrial environmental conditions that separate aquatic habitats are simply lethal. This condition and the dependence on vectors for transportation make these barriers to natural dispersal more effective than for terrestrial species that can actively move among habitat patches (e.g. insects, birds). Of course, some freshwater organisms (e.g. aquatic insects with aerial adult stages) have obvious adaptations for overland dispersal, and for them this distinction is probably not as critical. However, for organisms like the zebra mussel, this dual nature of the dispersal process must always be kept in mind. Range expansion in this species is essentially a two-stage process in which the pattern of range expansion is likely to be a series of overland 'jumps' followed by dispersal within the newly colonized watershed. As described below, this first step appears to be the rate-limiting step in the further spread of the zebra mussel because the rate of overland spread seems to be far slower than the spread within connected bodies of water.
Dispersal within connected bodies of water
The range expansion of the zebra mussel has been tracked for the past five years (Ludyanskiy et al., 1993; O'Neill & Dextrase, 1994) . Unfortunately, this record relies primarily on incidental discoveries and non-standardized sampling. However, we can still detect some coarse-scale patterns and attempt to infer the relative importance of various dispersal mechanisms. After the initial detection in Lake St Clair, mussels were soon found downstream in Lake Erie (1988), Lake Ontario (1990), the Erie Canal (1990), the St Lawrence River (1990), and the Hudson River (1991). Although much of this spread was probably due to the dispersal of larvae downstream, transport of adults as fouling organisms on boats, barges, and ships may account for the 'jumps' in distributions that occurred ahead of the main population (e.g. the initial populations in the Erie Canal and the St Lawrence River.) Because reproductive output in zebra mussels increases exponentially with body mass, the movement of adults will allow newly colonized populations to grow more rapidly, and increase the likelihood that they will serve as sources for propagules for colonization further downstream. Again, without some type of standardized sampling or monitoring programs being conducted throughout the area of range expansion, it is difficult to explain gaps in the distribution of an invading species, or predict where the next area of colonization will occur.
During this same period, substantial upstream dispersal was also occurring. As early as 1990, populations of adult mussels were found in ports of all three of the upper Great Lakes, and by 1991 the adults had dispersed through the Chicago Sanitary and Ship Canal into the Illinois and Mississippi Rivers. The mussel then spread quickly both up and down all the major rivers of this system, and by the end of 1993 they could be found from Minnesota to Louisiana and Oklahoma to West Virginia.
The most likely mechanisms of dispersal during this range expansion are the natural drifting of the larvae (but see above comments on canals) and the humanmediated transport of adults through shipping and boating activities. Anecdotal observations have documented the presence of adult mussels on a commercial barge that had previous traveled 15,000 km of these waterways (Keevin & Miller, 1993) , and the observation that the present range of the zebra mussel almost perfectly coincides with that of the commercially navigable waters of the Great Lakes and the Mississippi watershed is strong evidence that commercial shipping and not recreational boating is primarily accountable for the within-basin transportation of the zebra mussel (McMahon, 1992) . Overall, the dispersal of the zebra mussel within connected bodies of water or watersheds appears rather straightforward although surprisingly fast. Indeed, the linear spread of zebra mussels along from Lake St Clair to Qu6bec and Louisiana (approximately 300-500 kin/year) greatly exceeds that observed for most marine and terrestrial invasions (see Grosholz & Ruiz, this issue, for estimates of rates in terrestrial and marine habitats). Remaining questions concern the relative importance of human-mediated and natural vectors of downstream spread, the maintenance of lotic populations, and the rates of spread in smaller rivers and streams, especially those that are not navigable. It is also of considerable conceptual interest to know the metapopulation structure (Goldwasser et al., 1994) of this species in these connected waters. Given the parallels between the life history of the zebra mussel and many marine species, there are also many questions of concern to marine ecologists about the role of sources and sinks of reproduction in determining the structure of adult populations (i.e. 'supply-side ecology'; Roughgarden et al., 1987) . These types of questions might be fruitfully addressed by the study of zebra mussels. The maintenance of lotic populations by upstream populations in lakes or impoundments would be of particular interest.
Dispersal between isolated bodies of water
In sharp contrast to the above patterns of spread, the spread of the zebra mussel into inland waters (i.e. those lakes, rivers, and streams that are hydrographically isolated from invaded waters or are upstream of navigable waters) has been quite slow. By the end of 1993, 5 years after their initial discovery in Lake St Clair, isolated populations of adult mussels had only been found in eight inland lakes or lake systems. Three explanations could account for this pattern.
Overland dispersal is indeed slow: In spite of the multitude of potential vectors and pathways, it may be that mussels are not easily transported, have poor survival rates during transportation, are transported primarily to lakes in which they have low survival or do not achieve the demographic conditions needed for a selfsustaining population.
Sampling is biased towards larger bodies of water." Smaller inland waters are more numerous and probably receive much less attention from biologists than do the larger aquatic systems. In Wisconsin alone there are more than 3600 inland lakes over 8 ha in size. This bias is certainly true for studies investigating the zebra mussel and is probably true for biological investigations in general. Indeed, most of the findings of zebra mussels in inland lakes have been by the educated public rather than by scientists. In a study specifically funded to sample inland waters for zebra mussels (Johnson & Carlton, unpublished data), zebra mussels were detected in seven of the 27 inland lakes in Michigan that were considered at highest risk of invasion due to the high degree of public access, their large size, and their proximity to infested waters (the three other lakes in which mussels were found were connected by navigable connections to infested waters). Thus, zebra mussels can be found if we look, at least in the most likely places.
Inland populations take longer to develop: In the demographically open systems of larger waters, the fast growth of incipient populations is probably supported by immigrations from older populations, i.e. population growth of adults near the margins of the distribution is not due to local reproduction but instead is supported by larval production elsewhere. In the closed systems of smaller lakes and rivers, newly established populations may take some time to develop to levels that are easily detectable. In the above mentioned sampling of inland lakes in Michigan, populations of zebra mussels were first detected by finding veligers in very low densities in the plankton (< 0-01/litre). In subsequent benthic sampling, adults were found in only one of these lakes. Thus the initial adult populations are difficult to detect and may persist for years before becoming readily detectable.
In the same vein, it may be possible that some populations do not persist and thus are never detected. In several lakes of the above study in which only veligers were found, the animals appeared to be in poor condition or only empty shells were found. This suggests that conditions in the planktonic environment of some lakes might be unsuitable for this stage of the life cycle. Several other studies have found veligers in inland waters without subsequently finding adults (C. O'Neill, pers. comm.). While the possibilities of misidentification (e.g. ostracods are very similar to veligers) or cross-contamination of samples cannot be totally excluded in all these cases, the evidence is mounting that small populations of adult zebra mussels might be unable to replace themselves if unfavorable conditions for the larval phase persist. (The alternative possibility exists that the veligers were not the result of local reproduction of introduced adults but were instead introduced themselves. However, it is exceedingly unlikely that veligers could be introduced in high enough numbers, e.g. millions, to be detected by sampiing programs.) Such local extinctions of undetected populations can confound any inter-pretation of the mechanisms of dispersal if it is assumed that a lack of range expansion is due to slow rates of transport instead of low survival rates or inadequate reproduction of founding populations.
Mechanisms of overland dispersal
At present, we still know very little about the vectors and pathways by which zebra mussels are dispersed overland and even less about the demographic conditions necessary to establish self-sustaining populations. Intuition has unfortunately been substituted for scientific information and, in some cases, has led to the widespread belief in 'mussel myths' (Johnson & Carlton, 1993) . For example, it is widely believed that waterfowl will eventually disperse zebra mussels to all habitable waters, and this belief is often used to justify a lack of action to prevent additional spread. Additionally, public advisories have warned that it 'only takes two mussels' to establish a new population (the 'Noah Fallacy'), a statement that is demographically unlikely. Given this type of misinformation and the plethora of potential vectors, any type of quantitative (or even qualitative) ranking of the importance of potential vectors would be valuable. By combining the above-mentioned approaches, a preliminary understanding is beginning to emerge.
Direct observations of transport
A number of the potential overland dispersal vectors identified by Carlton (1993) have now been examined for their ability to transport either the larval or adult stages. Recreational boating and fishing activities appear capable of transporting zebra mussels in a variety of ways (Johnson & Carlton 1995, unpubl, data) including as adults attached to the exterior hull or to aquatic macrophytes entangled on the trailer or boat exterior and as larvae in live wells, bilges, bait buckets, and cooling systems. Adult mussels were also taken occasionally by boaters as souvenirs. Based on the frequency and numbers of mussels transported by these mechanisms, entangled vegetation and live wells appear to have the most potential for transporting substantial numbers of mussel overland to uninfested waters (Johnson & Carlton, 1995) . Surprisingly, boat hulls fouled by mussels were rarely observed (<0.1%). Apparently, boats that reside in infested waters long enough to become fouled are rarely transported overland. However, their potential to move large numbers of adult mussels suggests that this mechanism of dispersal, although rare, may be an important component of the geographic spread of zebra mussel.
The transport of zebra mussels by waterfowl has been examined experimentally, and although waterfowl are capable of transporting small numbers of larval and juvenile stages (<1 zebra mussel/bird), the numbers appear insignificant relative to those of other vectors (Johnson & Carlton 1995, unpubl, data) . Larval stages can also be transported on the wetsuits of divers (K. D. Blodgett, pers. comm.).
Successful dispersal also requires survival of the mussels during transit. For most of these documented vectors, there is no information on the survival during transit between infested and uninfested waters. Larval stages can survive at least 8 days in water collected from the live wells of recreational fishing boats (Johnson, unpubl, data) , and similar data will be needed to assess further the relative importance of these dispersal vectors.
Correlates of vectors
If a particular vector can be correlated with patterns of range expansion, the importance of the vector can be inferred. For example, if the first lakes invaded all have public access, then transient boating activity could be implicated as the likely vector. However, many factors may be intercorrelated, making it difficult to separate the important factors. For example, lake size per se might influence the susceptibility of a lake to invasion, but lake size will also influence the likely volume of boater activity, the availability or diversity of stable substrata for zebra mussel settlement, or some other variable important to the establishment of a population (e.g. dispersion of introduced larvae; see below).
Buchan and Padilla (unpubl. data) are using this approach to examine the dynamics of the invasion of Eurasian watermilfoil Myriophyllum spicatum, an aquatic weed readily transported by recreational boat trailers. As zebra mussels are often found attached to milfoil on boat trailers (Johnson & Carlton, 1996) , understanding the invasion pathways of one exotic (milfoil) may aid in our understanding of the invasion of another (zebra mussels).
Given the small number of overland zebra mussel invasions that have been documented so far (approximately 25 by the end of 1994 with either adults or veligers detected), it is premature to draw many conclusions. Invaded waters include both large (> 500 ha) and small (< 100 ha) lakes as well as lakes with and without public access. Considerably more examples, especially from systematic surveys, will be needed before any strong conclusions can be made using this approach.
Predictions based on vector activity
If the movement patterns of a particular vector among a group of inland waters is known, then predictions can be made as to the spatial and temporal dynamics of the invasion of the area. If the pattern of invasion matches the predicted pattern, then the vector of interest is likely to be responsible for the dispersal. We have attempted to document the patterns of transient boating activity in a system of eight popular recreational inland lakes in southeastern Michigan. These lakes are located in Oakland County approximately 50 km from an established population of zebra mussels in Lake St Clair. Boat movement was assessed through interviews with boaters at public boat ramps at each lake (Johnson & Carlton, unpubl, data) . Among other questions, boaters were asked where they had last used their boats (although information on all lakes used within an appropriate time frame would be ideal, preliminary attempts to do so suggested that reliable data would be difficult to obtain). From these data, a matrix was constructed of the probability of a boat coming from the other lakes. A schematic diagram of the larger probabilities (Fig. 1) suggests that if certain lakes are invaded (e.g. Lake C), they may act as foci for rapid subsequent secondary spread of the invading organism to nearby lakes. Surprisingly, such 'gateway' lakes may not be "as important for the spread to other subsets of lakes (e.g. boats arriving at Lakes R-S-L are more likely to be from Lake P or O, instead of Lake C). For this particular set of lakes, secondary spread may not be as important as spread from the primary source (i.e. the Great Lakes): the probability of a boat being used most recently in the waters of the Great Lakes was equivalent to that of all the system lakes and was over half the probability of a boat being used in any other inland lake [mean (SD): Great Lakes --0-206 (0-074), system inland lake --0-215 (0-053), other inland lakes --0.15 (0.047); the remaining boats were returning to the same lake].
In another study dealing with a larger spatial scale. Padilla et al. (1996b) have used a boater use survey conducted by the Wisconsin Department of Natural Resources to formulate similar connectedness between inland Wisconsin lakes and infested Great Lakes as well as connectedness among inland lakes. Boaters were selected randomly from the register of all licensed boats in the state of Wisconsin. Surveys were distributed every two weeks, and inquired, among other things, which lakes were used by a boater, and which counties were used most often during the previous twoweek period. Of all boaters surveyed, 2.1% reported that they had used both a Great Lake and an inland lake during the two-week survey period. Of those, 89% had used an inland lake in a county bordering a Great Lake, primarily Lake Michigan. Two of the inland lakes identified by this study to be most at risk for invasion of zebra mussels were found to contain veligers and small adults in the summer of 1994. No other inland lakes in Wisconsin have been found to contain zebra mussels.
Experimental manipulation of vectors
Given that (1) many of the vectors of dispersal involve human activities and (2) the process of dispersal occurs over a large spatial scale, it is difficult to manipulate vectors experimentally, even though this would be the most convincing approach towards determining the relative importance of particular vectors. If access to an isolated body of water is controlled by a single party, it may be possible to use it as a control for the likely invasion due to different vectors. For example, some lakes may have no recreational boat use, and therefore boaters cannot be vectors of transport of zebra mussels to those lakes. In response to the threat of zebra mussel infestations, several municipalities and industries have applied restrictions to the use of reservoirs or lakes under their control. If comparable waters exist in adjacent areas, then such situations can be used to examine the role of certain vectors of spread. (Although this reliance on outside agents to determine the assignment of treatments has the problems long associated with 'natural experiments', it may be the best and perhaps only opportunity available.) The most promising situation in this regard is the water supply system of New York City (NYC) which includes 19 reservoirs and lakes. Due to the perceived risk of a zebra mussel infestation, boats used on other bodies of water are now not allowed on these waters. Five of these bodies of water have good environmental conditions for zebra mussels and are located within an area that includes another seven that are not under the control of NYC and therefore experience transient boating activity. Unfortunately, NYC is only monitoring its own lakes for zebra mussels (S. Neuman, pers. comm.) in spite of the knowledge that could be gained from monitoring the 'control' lakes as well. Similar data might be obtained from comparing lakes with and without public access sites, but even on lakes without public access sites, there is often substantial transient boat use by lakeshore residents or through private ('for fee') ramps associated with marinas.
Previous freshwater invasions and possible parallel systems
Zebra mussels are not the first exotic species to invade fresh water in North America, and are not likely to be the last. Knowledge of the invasion pathways and dynamics of previous invaders, particularly those that may have the same dispersal vectors, would be of critical value. The freshwater clam Corbicula fluminea was first discovered in North America in 1924 and then again in 1938 (McMahon, 1983 . The documentation of the progress of the spread of this species is sporadic and poor, and gives us little insight into the spread of zebra mussels. Also, as Corbicula has a life history and growth habit that is quite different from the zebra mussel, understanding the spread of this species may not help us understand the zebra mussel invasion.
Another important invader in fresh water has been Eurasian watermilfoil Myriophyllum spicatum, which, like the zebra mussel, has large impacts on the lakes in which it lives. Also, like the zebra mussel, the activity of boaters is likely to be the major vector of overland spread for this species, and the movement of milfoil may in fact facilitate the spread of zebra mussels. Its spread among inland lakes has been followed throughout the Great Lakes region since the 1960s. An examination of the geographic distribution of its progress across Wisconsin appears to be similar to a moving front, with the rate of increase in the number of counties invaded by milfoil increasing with time. In the 1960s there were two counties with Eurasian watermilfoil, in the 1970s there were 11, in the 1980s there were 25, and now in the 1990s there are 43 (Buchan & Padilla, unpubl, data (Buchan & Padilla, unpubl, data) . Understanding the role and movement of dispersal vectors will help us determine the causes of the patterns of geographic spread that we observe.
Demographic conditions for establishment
A major shortcoming in our understanding of how aquatic species spread overland is the lack of knowledge of the demographic conditions (i.e. the size and life stage of the founding populations) needed for the establishment of a self-sustaining population. However, questions have been raised about the role of local population size or density on rates of range expansion (Hengeveld, 1992; Lawton, 1993) . Several features of the zebra mussel life cycle make it difficult to imagine that new populations can be founded by a few individuals. The sessile nature of adult zebra mussels combined with external fertilization suggests that founding populations must be either very large or else spatially aggregated. Otherwise, dilution of gametes after spawning may lead to inefficient rates of fertilization. Studies in marine environments have provided both empirical and theoretical results that suggest fertilization rates drop off exponentially with increasing distance between spawning individuals and with higher levels of water motion (Levitan et al., 1992 , and references therein; but see Babcock & Mundy, 1992) . Even at distances of less than 1 m, fertilization rates can approach zero. The calmer hydrodynamic conditions of the freshwater habitats of the zebra mussel and the ability to spawn synchronously (Haag & Garton, 1992; Nichols, 1993) will probably counteract these effects to some degree, but the extent of this increase remains unknown. Experiments in which the densities and spatial distribution of spawning adults were manipulated would provide much needed data. Similar logic also argues against the ability of introduced veligers to establish new populations. Even latestage veligers will undoubtedly be dispersed within a body of water after their introduction, and by the time they settle they are likely to be too far from other mussels for effective external fertilization (see above). With this is mind, introductions of veligers are less likely to establish populations in larger lakes because, all else being equal, the veligers will be spread out over a greater area. Indeed, the initial establishment of the zebra mussel in Lake St Clair, the smallest of the Great Lakes, may reflect this constraint. Although the gregarious settlement observed in zebra mussels might counteract the effects of post-introduction dispersion of veligers, the likelihood of finding other settlers will be extremely small if densities are low.
Because the initial population of zebra mussels in Lake St Clair is thought to have been established by veligers discharged in ballast water, the larval stage is widely perceived as having great potential to start new populations. However, the volume of water involved in that introduction (probably millions of liters) far exceeds the capability of any overland vector of dispersal. Repeated inoculations could increase the number of larvae introduced into a system, but we have no estimate of what threshold density is needed to overcome problems associated with gamete dilution.
Thus, unlike some invasive zooplankton that can reproduce parthenogenetically (e.g. Bythotrephes), or other invading bivalves that can be hermaphroditic and brood their young (e.g. Corbicula), introductions of either small numbers of adult zebra mussels or moderately large numbers (e.g. 1000s) of veligers have a poor chance of establishing new populations in isolated waters. Unfortunately, we have little chance of ever observing and quantifying the actual numbers of either adults or larvae introduced into an uninfested body of water. Thus, experimental introductions will be necessary for determining the demographic requirements for establishing new populations, but the politically sensitive nature of this approach gives it few proponents. Indeed, experimental introductions were explicitly excluded from a recent request-for-proposals to study the zebra mussel invasion (National Sea Grant College Program, 1993) , and researchers interested in such approaches will face an uphill battle. Clearly the careless spread of exotic species must be avoided for both ethical and political reasons, but the information that might be gained by carefully controlled experiments should justify the risks (Levinton, 1994) . Furthermore, it seems rather contradictory for public officials to state on the one hand that the spread of zebra mussels is inevitable (and thus preventive measures are not appropriate) while claiming on the other hand that all experimental introductions are inappropriate. In the future, the effects of zebra mussels might be demonstrated to be either minor or perhaps even beneficial in some aquatic environments (Reeders et al., 1989; Reeders & Bij De Vaate, 1990; Padilla et al., 1996a) , thereby making controlled introductions easier for others to condone. Another option is the use of experimental ponds in geographic areas already infested with zebra mussels although it is unclear how well the conditions of small ponds will mimic the environment of larger natural bodies of water.
CONCLUSIONS
The spatial and temporal dynamics of geographic spread are an important, but often overlooked, aspect of biological invasions. Difficulties in determining the relative importance of suspected vectors of dispersal and in documenting the true changes in the distribution of an invading species will continue to hamper the collection of the information necessary to develop and test predictive models of biological invasions, especially at a regional level. The invasion of North America by the zebra mussel provides a rare opportunity to examine the regional dynamics of an invasion. At this point, the invasion of the zebra mussel must be considered in terms of both the dispersal within and among bodies of waters. Whereas our understanding of the spread within connected bodies of water is fairly complete, the rates and directions of overland spread and the underlying mechanistic bases remain poorly known. Based on limited information, human activities appear most important especially those transporting adult mussels to uninfested waters. However, the characteristics of uninfested waters (e.g. size, public use) that may make them more susceptible to invasion remain unclear.
Further investigations into this area should provide valuable information for predicting and possibly preventing the range expansion of this and other similar aquatic species. Moreover, we may obtain a better understanding of the dispersal of propagules within a species range, thereby learning more about the genetic and demographic structure of metapopulations.
